Abstract The shear viscosity (η) and entropy density (s) are studied for the central Au+Au collisions with the help of a microscopic transport model, namely the isospin-dependent quantum molecular dynamic model (IQMD). Employ the formula given in Ref.
Introduction
Intermediate energy heavy ion collisions are studied experimentally and theoretically to gain information about the properties of nuclear matter under the extreme conditions of high densities and temperatures. One of the most important aspects in studying nucleusnucleus reactions at these extreme conditions is the possibility that the normal nuclear matter may undergo a liquid gas phase transition (LGPT) [2∼4] . Many data in atomic-level show that there exists a minimum of the ratio of shear viscosity to entropy density denoted as (η/s) around the critical point [5] and the value of η/s should be larger than 1/4π, which is the universal lower boundary according to the Anti-desitter Space/Conformal Field Theory (AdS/CFT).
A lot of research has been done on the ratio of shear viscosity to entropy density and the correlation between η/s and critical point. Till now most of the work supported the prediction of AdS/CFT
[6∼8] , but some work found different results [9] . Recently PAL calculated η/s in nuclear multifragmentation [6] , the result agreed with the prediction, but the work of Ref. [9] concluded that the ratio might depend on the entropy density. So it is very interesting to investigate the ratio of shear viscosity to entropy density during the heavy ion collision.
In this paper, we investigate shear viscosity and entropy density in head-on Au+Au collisions within IQMD model [12] and the paper is organized as follows. Section 2 gives some brief description of IQMD model as well as the formulas we used to calculate η, s and other related variables. Calculation results and discussions are given in section 3. Section 4 is the summary and conclusion.
IQMD model and formulas
The QMD approach is a many-body theory that describes heavy ion collisions from intermediate to relativistic energies [10, 11] . The IQMD model [12] is based on the QMD model, including the isospin degree and Pauli blocking. The mean field involved in our simulation is given by U (ρ) = U Sky + U Coul + U Yuk + U sym , with U Sky , U Coul , U Yuk and U sym representing the Skyrme potential, the Coulomb potential, the Yukawa potential and the symmetry potential interaction, respectively.
In Ref. [1] , nuclear transport coefficients have been derived from the microscopic BUU equation and the shear viscosity can be parameterized as a function of particle density ρ and temperature T η ≈ 1700
where η is in MeV/fm 2 c, T in MeV, and ρ 0 =0.145 fm −3 . Fig. 1 shows η as a function of T for different ρ/ρ 0 . In this paper T and ρ are extracted from the nucleons within the central cell in the Au+Au collisions. The cell is a sphere located at the center of mass and the cases with different radii of 3 fm, 4 fm, 5 fm and 6 fm are studied for possible size effect. The temperature is calculated with classical formula
where E K represents the average kinetic energy of nucleons in cell, including the Fermi energy. The Gibbs relation is used to compute the entropy density
where P is the pressure, ε energy density, µ B the chemical potential, ρ B the particle density. In this work µ B is set to be zero for simplicity, because this term is just decreases the value of S and increases the value of η/s.
Calculation and discussion
The collision processes of Au+Au are simulated with IQMD model. The time evolution of the dynamic process is stopped at t=100 fm/c. The calculation mostly focuses on the stage before freeze-out since the number of nucleons in the cell decreases after the most compressed stage. The upper panel of Fig. 2 displays the time evolution of the number percentage of nucleons for different sizes of cells, with R ranging from 3 fm to 6 fm at 80 MeV/u. Around 30 fm/c the number of nucleon reaches maximum which means the system is in the most compressed stage, but the value changes greatly from 10% (R=3 fm) to 70% (R=6 fm). The lower panel of Fig. 2 displays the time evolution of the ratio of particle number density to normal nuclear density (ρ/ρ 0 ) in a cell whose radius is 4 fm, which shows that the higher the incident energy is, the more quickly the ρ/ρ 0 drops. As the picture shows, when time is 50 fm/c, the ratio of ρ/ρ 0 is about 1.8 for 40 MeV/u (the dot) and is around 0.8 for 120 MeV/u (the open cross). So the calculation of other variables just stopped at 50 fm/c. The time evolution of temperature is displayed in Fig. 3 , which shows that the temperature also reaches its maximum around 30 fm/c. Because of Fermi energy included, the temperature at t=0 fm/c is not zero, but about 10 MeV. But it doesn't matter, since our calculation focuses on the most compressed stage and at that time the local equilibrium condition is attained. Fig. 4 displays the time evolutions of entropy density and shear viscosity, and the time evolution of the ratio of η/s is shown in Fig. 5 . By picking the value of η/s in the most compressed stage, we plot η/s as a function of incident energy in Fig. 6 . Because of the size effect of the selected central cell, the minima of η/s locate at different incident energies. Nevertheless the value of η/s are always larger than 1/4π. 
Summary and conclusion
Simulations on shear viscosity and entropy density at incident energies ranging from 40 MeV/u to 120 MeV/u have been performed for central Au+Au collisions with the IQMD model. Time evolution of the ratio of shear viscosity to entropy density (η/s) in the central cell is studied for different sizes and energies, and the ratio in our calculation is always larger than 1/4π, the lower bound proposed by AdS/CFT theory. Furthermore, the energy dependence of the ratio in the most compressed stage is also studied and a minimum around 60 MeV/u∼70 MeV/u is found. It may be related to the liquid gas phase transition and will be studied later.
